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Introduction {#s1}
============

FKBP12 is a 12 kDa enzyme found mainly in the cytosol that catalyzes the peptidylprolyl *cis-trans* isomerization. This protein is a target in the treatment of transplant rejection. For example, the two immunosuppresive exogenous ligands FK506 and rapamycin can bind tightly to FKBP12 with an inhibition constant of 0.6 and 0.3 nM, respectively [@pone.0114610-DeCenzo1]. These ligands act as dimerization agents between FKBP12 and another protein: with the protein calcineurin, the ternary complex negatively affects cell survival and proliferation [@pone.0114610-Bierer1]; with mTOR, it blocks the T-cell responses by inhibiting lymphokine production [@pone.0114610-Liu1]. Hyperactive mTOR signaling is linked to tumor growth and its down-regulation by rapamycin or analogues is considered as a promising therapeutic approach for cancer treatment [@pone.0114610-Jiang1]. In neurons, the FK506-bound form of the protein has been associated with neuroprotective properties [@pone.0114610-Herdegen1]. Moreover, significant neurite outgrowth are promoted by ligands that bind to FKBP isoforms (all isoforms share a highly conserved FK506 binding domain [@pone.0114610-Zhao1]). Much effort is therefore directed toward finding FK506 analogues with neuroprotective and neurotrophic activities but devoid of the undesirable immunosuppressive activity that is functionally associated with the ligand region responsible for calcineurin inhibition. The two non-immunosuppressive ligands **8** and **308**, shown in [Fig. 1](#pone-0114610-g001){ref-type="fig"}, are examples of such high-affinity ligands: the former has an inhibition constant of 10 nM; the latter a dissociation constant in the range 8--14 nM, calculated as 40-fold higher than that of rapamycin [@pone.0114610-Holt1], [@pone.0114610-Sun1] (the ligands are labeled as in these reference works). The experimental structure of FKBP12 in complex with **308** is also reported in [Fig. 1](#pone-0114610-g001){ref-type="fig"} [@pone.0114610-Sun1].

![Structures of FKBP12 and of two ligands.\
(a) Two high-affinity ligands, **8** and **308**, of FKBP12. In the corresponding crystal structures, the orientations of these ligands indicate that Ph1, Ph2, and *i*Pe in **8** are the counterparts of Ethe, *i*Bu, and Tol in **308**, respectively [@pone.0114610-Holt1], [@pone.0114610-Sun1]. (b) Experimental structure of the complex between FKBP12 and the high-affinity ligand **308** (compound numbering is from ref [@pone.0114610-Sun1]). The *β*-sheet and the *α* ~1~-helix are highlighted. The two native hydrogen bonds and are also represented by thick green lines.](pone.0114610.g001){#pone-0114610-g001}

The development of FKBP12 inhibitors represents a major interest for extending the potential of many therapeutic treatments. It is difficult, however, to derive structure-activity relationships for the FKBP12 ligands since highly diverse structures exhibit excellent binding properties. Indeed, the known nanomolar affinity ligands of FKBP12 differ not only by the structure of the central region of the ligand, the core, but also by the peripheral non-core moieties [@pone.0114610-Holt1], [@pone.0114610-Yang1]. The core region, as found in the natural products FK506 and rapamycin or in various synthetic derivatives, corresponds to the diketo-pipecolinic acid motif of the ligand **8** shown in [Fig. 1a](#pone-0114610-g001){ref-type="fig"} (from the bond C9O4 up to the atom O1). Many derivatives of this core can be found in synthetic compounds, such as in the ligand **308** (from atom N1 up to S8 in [Fig. 1a](#pone-0114610-g001){ref-type="fig"}). The non-core moities often make few contacts with the protein in the crystal structure; however, they have a large incidence on the binding affinity. As an illustration, the K*~i~* measured for the ligand **8** and its close analogue **5** [@pone.0114610-Holt1], which is obtained by the removal of the aromatic ring Ph2 in **8**, are 10 and 110 nM, respectively. Though no crystal is available for **5**, a free energy perturbation study has shown that its binding mode is similar to that of **8** [@pone.0114610-Lamb1]. In the crystallographic structure of FKBP12--**8**, the Ph2 ring is protruding into the solvent and does not make contacts with the protein. Therefore, in their respective fixed complexes, the two ligands **5** and **8** make the same number of contacts with the protein and they are also expected to have roughly the same buried surface. By considering these similarities between fixed **8**- and **5**-bound complexes, the use of empirical enthalpic terms for the van der Waals contacts, electrostatic interactions, and hydrogen bonds combined with a hydrophobic contribution (often taken as proportional to the buried surface area) would not account for the ten-fold difference in affinity. Holt *et al.* [@pone.0114610-Holt1] have attributed this difference mainly to an intramolecular contact Ph2 makes in **8**, which would not satisfactorily explain the large binding free energy difference. To unravel the factors responsible for the binding free energy difference of various FKBP12 ligands, the ligand dynamics was also examined by undertaking molecular simulations [@pone.0114610-Lamb1]--[@pone.0114610-Xu1]. Wang *et al.* [@pone.0114610-Wang1] have reproduced accurately the experimental binding free energy of FKBP12 and a series of analogues of **8**. Their study underlies the fact that the binding free energy is dominated by the contribution of hydrophobic contacts but also by the entropic penalty due to the loss of translational, rotational, and conformational degrees of freedom of the ligands. Actually, the hydrophobic contacts seem not to be a primary determinant of the ligand affinity, as demonstrated by the experimental work of Yang *et al.* [@pone.0114610-Yang1] on remote analogues of ligand **8**. In this study, an engineered hole has been created inside the protein binding pocket to fit various hydrophobic moieties of the FKBP12 ligands with the aim of enhancing their binding properties. Unexpectedly, the binding affinity of these ligands are unrelated to the extent of complementarity between the protein and its ligand, *i.e.* to the number of hydrophobic contacts. The above theoretical and experimental results thus reveal that the ligand entropy contributes significantly to the binding free energy, which proves to be most awkward in attempts at scoring fixed FKBP12-ligand complexes or at deriving structure-affinity relationships of the ligands.

In this work, we characterized an intermediate state, IS308, for the unbinding pathway of the complex between FKBP12 and the high-affinity ligand **308**, which displays a rather different core structure as compared to **8** ([Fig. 1](#pone-0114610-g001){ref-type="fig"}). This work shares the similar objective of our previous work on the complex FKBP12-**8** [@pone.0114610-Olivieri1]. By relying on the structural characteristics of the intermediate, our objective was to delineate the essential structural features of the ligand **308**, such as the role played by its core and non-core regions, that can account for its high affinity. Since the ligand **8** and **308** are structurally dissimilar, we also wanted to challenge our previous results and conclusions.

As we shall see, the nascent intermolecular contacts in this intermediate could play a major role in the affinity of the ligand. Generally speaking, for the complexation between a protein P and its ligand L, the association constant , which is a measure of the affinity, can also be written as the ratio between and , the association rates of association and dissociation, respectively:

It is expected that the type and extent of intermolecular interactions developed in the binding intermediate PL will have an incidence on its stability and, hence, on its dissociation rate . The relationship between the stability of the intermediate and the affinity was shown by Mittag *et al.* for the binding of two phosphopeptide ligands to the N-terminal SH2 domain of PI3-K [@pone.0114610-Mittag1]. In this study, the authors have found that the longer is the lifetime of the intermediate, the higher is the affinity of the ligand. We can hypothesize that, in their case, the rate of dissociation of the intermediate decreases as the lifetime of the intermediate increases, thereby resulting in an increase of the affinity according to [equations 5](#pone.0114610.e012){ref-type="disp-formula"} and [2](#pone.0114610.e009){ref-type="disp-formula"}. The authors have also stressed that such intermediates may be more common in protein-ligand systems than previously anticipated.

In our approach, we aim at characterizing the nature and the extent of the contacts formed by the ligand **308** in the binding intermediate, as these contacts may have an incidence on the lifetime of this state, and thus on the dissociation rate . This analysis performed on a binding intermediate for this ligand and the comparison with the results previously obtained for the structurally dissimilar ligand **8** will also provide clues regarding the recurrent structural motifs that are determining for high binding properties of FKBP12 ligands. The same protocol we used in our previous study of the system FKBP12-**8** was followed to search for a binding intermediate state and will be briefly described in the following section. All the results for the binding intermediate are presented and discussed in the sections 3 and 4, respectively. These results provide a consistent picture of the binding intermediate with a well-defined position of the ligand that forms very few permanent and numerous transient contacts with the protein.

Materials and Methods {#s2}
=====================

Preparation of the system {#s2a}
-------------------------

The X-ray coordinates of the complex between the protein FKBP12 and the synthetic inhibitor **308** (PDB code: 1J4I [@pone.0114610-Sun1]; [Fig. 1](#pone-0114610-g001){ref-type="fig"}) were used for the simulations of the bound state. The all-atom Charmm22 force field [@pone.0114610-MacKerellJr1] was used for the protein and the ligand; however, a few parameters for the ligand were optimized by a fitting procedure [@pone.0114610-Olivieri2]. In particular, we derived the charges on the atoms of the core region and we determined the torsional parameters for the rotation around the bonds C31--O3, C30--C15, C15--N1, C1--C2, C3--S4, N7--S8, and C17--S8. Much effort has been directed toward obtaining realistic barrier heights for each of these seven torsion angles because of the steric constraints that exist in the core region due, in particular, to the amide bond that occupies an axial position of the central ring [@pone.0114610-Babine1]. The dihedral potentials were optimized based on energy scans computed with the program Gaussian03 [@pone.0114610-Frisch1] and GAMESS-US [@pone.0114610-Schmidt1] at the HF/6-31G\* level. To improve the accuracy of the torsion barriers, the fitting was performed with the energies of the minima and maxima of the potential energy surface that were refined at the MP2/6-31G\*//HF/6-31G\* level.

In the crystal structure of the complex, the ethyl part C31-C32 of the ligand is missing. We first generated guess positions for these atoms and added the hydrogen atoms using Chimera tools [@pone.0114610-Pettersen1]. Using a regular dihedral interval, nine new positions of the ethyl part were then generated by rotation about the bond C31--O3. By fixing all the atoms of the protein and of the ligand but those of the ethyl part, the nine structures generated were subsequently minimized and subjected to MD simulations at 300 K (two production runs of 100 ps per initial structure). Finally, the 18 final positions generated only for the ethyl group were all minimized and the structure with the lowest energy was selected.

Simulations of the bound state {#s2b}
------------------------------

The same protocol as in our previous study was used and is hereafter summarized [@pone.0114610-Olivieri1]. All the molecular dynamics simulations that used an implicit or explicit solvation model were performed with the CHARMM program [@pone.0114610-Brooks1] using the leap-frog integrator and a time step of 1 ps. SHAKE [@pone.0114610-Ryckaert1] restraints were applied to the bonds containing hydrogen atoms. Langevin dynamics (LD) [@pone.0114610-Lemons1], with a friction coefficient chosen at 60 ps^−1^, were used to simulate the bound state. The Effective Energy Function 1 (EEF1) [@pone.0114610-Lazaridis1] was chosen to compute the solvation free energy of the atoms in the LD simulations of both the bound state and the unbinding process.

For the LD simulations, the system was initially energy-minimized and then heated from 0 to 300 K in steps of 25 K (for 600 ps); different random seeds for the distribution of initial velocities led to six independent simulations. The heating run was followed by an equilibration divided in two periods of 500 ps each. For the heating and for the first equilibration periods, the sets C1, C2, C3, and C4 of NOE restraints were used (the sets of CHARMM NOE restraints are defined in the Supporting Information and are derived from the crystal structure). After the second equilibration period that used the sets C1, C2, and C3 of NOE restraints, the six LD production runs were conducted with the same sets C1, C2, and C3 of NOE restraints for a total simulation time of 53 ns ([S1 Table](#pone.0114610.s002){ref-type="supplementary-material"}). The sets C1 and C2 of NOE restraints were used to prevent the distortion of the 80s loop; the set C3 to mimic the presence of two water molecules [@pone.0114610-Szep1], [@pone.0114610-vanDuyne1]; the set C4 to reduce the fluctuations of the residues involved, to avoid the distortion of the 80s loop, and to achieve agreement with the intermolecular distances measured in the crystal. The Supporting Information provides the definition of the sets C1 and C2 ([S1 Text](#pone.0114610.s001){ref-type="supplementary-material"}) as well as those of the sets C3 and C4 ([S2](#pone.0114610.s003){ref-type="supplementary-material"} and [S3 Tables](#pone.0114610.s004){ref-type="supplementary-material"}, respectively).

To compare the results obtained with the LD simulations, the bound state was also simulated by using six independent stochastic boundary molecular dynamics (SBD) simulations [@pone.0114610-Brnger1] that included a sphere of water molecules with a diameter of 25 Å centered on the complex and a buffer region of 3 Å. Water molecules that had an oxygen atom within 2.8 Å of the protein or ligand heavy atoms were deleted. The nonbonded interactions were cut off at 14 Å with a force switching function used between 11 and 14 Å. The hydrated form of the complex was then energy-minimized in four steps. First, only the water molecules were subjected to 1000 steps of steepest descent energy minimization (gradient tolerance of 1 kcal/mol/Å) while the protein and ligand atoms were kept fixed. Second, the ligand and the solvent were harmonically restrained while the protein was energy-minimized with 1000 steps of steepest descent (gradient tolerance of 0.5 kcal/mol/Å). Third, only the harmonical restraints on the solvent were applied while the ligand and the protein were energy-minimized with 1000 steps of steepest descent (gradient tolerance of 0.1 kcal/mol/Å). Fourth, all the atoms of the system were subjected to 5000 steps of steepest descent energy minimization (gradient tolerance of 1 kcal/mol/Å).

For the SBD simulations, the system was then heated from 0 to 300 K using a step of 10 K by assigning velocities every picosecond (for 30 ps) and using three different random seeds. During the heating, the sets C1, C2, C4, and C5 of NOE restraints were used. The heating run was followed by two successive equilibration runs of 300 and 150 ps, with the atomic velocities rescaled. The sets C1, C2, C4, and C5 of NOE restraints were applied during the first equilibration run; however, all the restraints were removed during both the second equilibration and the production runs. The sets C1, C2, and C4 were used for the same reasons as for the LD simulations; the set C5 was used to achieve agreement with the experimental position of the ligand in the binding pocket (its definition is provided in [S1 Text](#pone.0114610.s001){ref-type="supplementary-material"}; see also [S1 Table](#pone.0114610.s002){ref-type="supplementary-material"}).

Prior to the unbinding simulations, we checked that the LD simulations of the bound state provided results in agreement with both the X-ray structure and the SBD simulations. The purpose in using LD simulations for the description of the bound state is twofold: (i) to validate the force field and solvation parameters that are also used in the subsequent step of unbinding simulations, and (ii) to obtain initial structures for the unbinding simulations. Implicit solvent simulations are required for the unbinding step as has been recommended for unfolding or unbinding events [@pone.0114610-Paci1].

Unbinding simulations and refinement protocol {#s2c}
---------------------------------------------

The same unbinding and refinement protocols as in our previous work were followed [@pone.0114610-Olivieri1]. Fifty-seven structures were extracted from the six LD simulations of the bound state (taken as the last structure of a simulation run or at a 1-ns interval within a simulation) and were used to unbind the ligand from the protein.

As the unbinding is a long-extended process [@pone.0114610-Swegat1], a perturbative force was added to the molecular potential energy function for each unbinding simulation. The time-dependent perturbation implemented in the Biased Molecular Dynamics (BMD) [@pone.0114610-Paci1] method was used. It is noteworthy that, among the perturbation methods that have been recently compared, BMD is the method that causes the least perturbation in a system [@pone.0114610-Huang1]. In this method, a quadratic time-dependent perturbation is introduced in the system only when the distance between the ligand atom N7 and the C*~α~* atom of Glu5 decreases (d*~RC~*); otherwise, no external perturbation is applied, and the increased distance d*~RC~* is taken as the new reaction coordinate for the next time step. The BMD method allows sampling the unbinding pathway under quasi-equilibrium conditions for an implicit solvation model, as previously shown [@pone.0114610-Paci1]. Implicit solvation model such as LD is required since when large conformational changes are forced to occur in a short time compared to the experiment, the relaxation of an explicit solvent is too slow and add artifacts. Furthermore, in a comparison study of the three most commonly used forced unbinding simulations method (targeted, steered, and biased molecular dynamics), Huang *et al.* have shown that the BMD simulations cause the least perturbation in a system [@pone.0114610-Huang1].

In the initial BMD simulations (step 1 in [Fig. 2](#pone-0114610-g002){ref-type="fig"}), the constant of the perturbative force (parameter ) was chosen at 300 pN/Å, since this value enabled the unbinding of the ligand within a time limit of 5 ns. The unbinding process was followed by monitoring the time evolutions of d*~RC~* and of d*~CM~*; the latter represents the distance between the center of mass of the binding pocket and each of the four centers of mass of the four ligand moieties (core, *i*Bu, Tol, and Ethe). This procedure was also followed by Curcio *et al.* in their study of forced unbinding of fluorescein from anti-fluorescein antibody FITC-E2 [@pone.0114610-Curcio1]. We also monitored the root mean square deviations (RMSDs) for both the protein and the ligand moieties (core, *i*Bu, Tol, and Ethe) with the C*~α~* atoms aligned on those of the X-ray structure of the bound state.

![Protocol to find the LD candidates for the binding intermediate.\
Step 1: unbinding simulations on each of the 57 structures separated by 1 ns and selected from the six LD simulations of the bound state. The star above 'YES' indicates that the metastable states with lifetime greater than 150 ps are also added to the set of simulations used in the clustering step (step 3). Step 2: In 2a, for each metastable state from step 1, BMD simulations are performed with *α* ~2~ lower than *α* ~1~ to extend the lifetime of the metastable state found in step 1. In 2b and 2c, metastable states with lifetime \> 150 ps are added to the pool used in step 3; otherwise, a lower *α* ~2~ is used for restarting the simulations. 'Binding' checks wether the ligand returns to its position in the bound state. Step 3: The metastable states with lifetime greater than 150 ps are clustered into subsets that exhibit related structural features (see text). Reproducibility and consistency within a cluster are critical in finding the LD candidates for further refinement.](pone.0114610.g002){#pone-0114610-g002}

From the unbinding simulations (step 1 in [Fig. 2](#pone-0114610-g002){ref-type="fig"}), many metastable states were found by relying on the time evolutions of d*~RC~*, d*~CM~*, and RMSDs; constant mean values for these distances and RMSDs for periods of hundreds of picoseconds constitute useful indicators. [Fig. 3](#pone-0114610-g003){ref-type="fig"} illustrates the time evolution of all these distances and RMSDs for an example of metastable state of about 200 ps. The metastable states from step 1 with lifetime greater than 150 ps were used both in stage 2a and in the clustering step of the protocol (step 3; *vide infra*). However, most of the metastable states found in step 1 have a lifetime that is lower than 150 ps. In this case, the last structure obtained in the portion of the simulations that corresponds to constant mean values of d*~RC~*, d*~CM~*, and RMSDs was chosen for the step 2 whose purpose is to increase as much as possible the lifetime of these metastable states. Indeed, during the unbinding in step 1, the intermolecular distances was increased and the number of intermolecular contacts was decreased, thereby reducing the intermolecular forces. Hence, in step 2, since a smaller value of the perturbative force is needed, the simulations were started by gradually decreasing the value of by steps of 25 pN/Å in the range 50--250 pN/Å to further stabilize the metastable states. More simulations with stable values of d*~RC~*, d*~CM~*, and RMSDs were then obtained in the step 2b. If the lifetime of such a metastable state is higher than 150 ps, then it is used in the clustering step 3. If not, the simulations describe a metastable state that is too short and, to increase its lifetime, the last structure in the portion of the simulations that corresponds to constant mean values of d*~RC~*, d*~CM~*, and RMSDs was used as starting structure in the step 2a with a lower value of . In the step 2c, no metastable state was found because was either too low, leading to the binding of the ligand (the simulations are discarded), or too high, leading to a fast unbinding process. In the latter case, the same simulation is restarted in the step 2a but by using a value of that is decreased by 25 pN/Å to reduce the perturbative force and to slow the unbinding process. By slowing the unbinding process, one could increase the sampling of the potential energy surface for the ligand coordinates in the vicinity of the binding pocket and, thus, possibly obtain more metastable states that describe an intermediate binding state. Simulations with longer lifetime were indeed obtained that exhibited stable values of d*~RC~*, d*~CM~*, and RMSDs for the protein and for the ligand. The simulations with a lifetime greater than 150 ps were added to the pool of states analyzed in the step 3.

![Time evolutions of d*~RC~*, d*~CM~*, and RMSDs calculated for the protein.\
d*~CM~* ~1~ to d*~CM~* ~4~ represent the distances between the center of mass of the binding pocket and the center of mass of the moieties core, Ethe, *i*Bu, and Tol, respectively. The values of RMSD1 and RSMD2 were calculated for the protein after alignment A1 and for the 80 s loop after alignment A2, respectively (see text for the definition of these alignments). (a) Time evolutions from the native complex; (b) Specific focus on a particular interval where all these quantities remain stable.](pone.0114610.g003){#pone-0114610-g003}

In step 3 of [Fig. 2](#pone-0114610-g002){ref-type="fig"}, all the metastable states with a lifetime greater than 150 ps, obtained from both the unbinding (step 1 in [Fig. 2](#pone-0114610-g002){ref-type="fig"}) and the simulations performed to increase the sampling (step 2 in [Fig. 2](#pone-0114610-g002){ref-type="fig"}), were clustered into subsets. The following four criteria were used to cluster and to select the LD simulations that could model the binding intermediate. Only one subset of LD simulations passed these criteria; [S4](#pone.0114610.s005){ref-type="supplementary-material"} and [S5 Tables](#pone.0114610.s006){ref-type="supplementary-material"} give the various distances and RMSDs that were calculated for this subset and were used to cluster the simulations in this step 3. First, the trajectories must be stable for periods of at least hundreds of picoseconds. Within a subset of metastable states, the values of d*~RC~*, d*~CM~*, and RMSDs for the protein and for the ligand must remain constant during the course of each simulation as well as consistent among all the simulations. The same structural criterion was followed by Li and Daggett in the search of an intermediate state along the unfolding pathway of barnase [@pone.0114610-Li1]. Second, the structure of the protein must not be significantly altered. Third, the set of LD simulations must sample a range of conformations that are structurally related and, in particular, the positions of the ligand with respect to the protein must form a tight cluster. Central to this last criterion is the reproducibility and consistency that constitute useful indicators that the results have sufficiently converged so as to provide a meaningful average picture of the intermediate. Fourth, as we hypothesize that the intermediate state is an obligatory step from the freely diffusing molecules toward the bound state, we also checked that the intermediate was structurally close to the bound state in relative separation and relative orientation between the two molecular partners. For the selected subset of LD simulations, the time average values of the d*~CM~* distances reveal a stable position of the ligand in the individual simulation (all the fluctuations are below 1 Å and are even less for the core region of the ligand, 0.5 Å; [S4 Table](#pone.0114610.s005){ref-type="supplementary-material"}). The ensemble average values of d*~CM~* reveal a consistent position of the ligand throughout all of the simulations (standard deviations lower than 0.68 Å; [S4 Table](#pone.0114610.s005){ref-type="supplementary-material"}). The RMSDs in [S5 Table](#pone.0114610.s006){ref-type="supplementary-material"} are large since they measure the shift in the position of the four ligand moieties in IS308 relative to their positions in the native complex. Most important is the fact that these values exhibit fluctuations that are lower than 1.2 Å within all of the simulations, and taken together, they indicate an overall consistent position of the ligand within all the set of simulations (standard deviations lower than 0.56 Å; [S5 Table](#pone.0114610.s006){ref-type="supplementary-material"}). In contrast, in the other sets of simulations, though the fluctuations for the intermolecular distances and RMSDs are less than 1 Å within each simulation, the standard deviations are calculated to be above 2 Å for a given set of simulations.

This subset of LD simulations was selected for the refinement procedure that used independent SBD production runs with no biasing forces or restraints on the system. The purpose in using an explicit solvent representation to further characterize the intermediate state is twofold: (i) to further probe the stability of the binding intermediate located using LD simulations and (ii) to refine the results since explicit solvent model is known to provide a more realistic description of a system. For the SBD simulations, the same protocol as for the bound state was used, except that the water molecules were here added to the selected structures in a sphere of 22 Å in diameter centered on the binding site. This refinement protocol was performed by 17 independent SBD simulations with no biasing forces or restraints on the system for a total run of 25 ns of production [@pone.0114610-Olivieri1]. All the data that are reported for the bound state CS308 and for the binding intermediate IS308 correspond to ensemble averages.

Results {#s3}
=======

In this section, the results for the intermediate IS308 are presented. A snapshot of IS308 is shown in [Fig. 4](#pone-0114610-g004){ref-type="fig"} along with the crystal structure for purposes of comparison. We shall analyze the structure of the protein, the position of the ligand in the binding site, and the intermolecular contacts between FKBP12 and the ligand.

![Comparative analysis of the position of the ligand in the binding pocket of FKBP12 in the crystal (left) and in the binding intermediate IS308 (right).\
The protein residues are color-coded according to the inset at the top of the figure. The two contacts and are represented by dashed lines, along with the contact that is shown only for IS308.](pone.0114610.g004){#pone-0114610-g004}

Structure of the protein {#s3a}
------------------------

The structure of the protein in the intermediate state IS308 was analyzed by performing two types of RMSD calculations with the C*^α^* atoms aligned on those of the X-ray structure of the bound state. In the first type, hereafter named A1, all the C*^α^* atoms are aligned on their reference position in the crystal. In the second, named A2, all the C*^α^* atoms are aligned on their reference position except those of a given group of atoms G; this allows examining the displacement of the group G with respect to the rest of the protein. The [table 1](#pone-0114610-t001){ref-type="table"} gives the values of RMSD. For IS308, the average RMSD calculated by A1 for the C*^α^* atoms of all the residues, except those that are in the 80s loop, is 1.11 Å. On the other hand, for the 80s loop, the value calculated by A2 indicates a global distortion of 4.01 Å in IS308 and of 2.15 Å in the SBD simulations of the complexed state CS308, the latter value being similar to the average value calculated for all the C*^α^* atoms in CS308 (1.9 Å, not shown in table). For IS308, a detailed analysis of the various sub-regions in the 80s loop indicates that the segment Ala84-Pro93 undergoes a large displacement and contributes mainly to the distortion of this loop (RMSD of 4.57 Å obtained by A2); in particular, the largest displacement inside this residue range is found for the tip of the loop, Gly89-Ile90 (5.7 Å; not shown in table). This feature is similar to what was found in the binding intermediate for the ligand **8**, IS8 (4.5 Å for the residue range 88--93 and a displacement of 5.5 Å for Gly89) [@pone.0114610-Olivieri1]. Note also that this loop is rich in proline and glycine; it contains three of each of these residues. This result is in agreement with other experimental observations on protein-ligand complexes: the presence of glycine residues close to the site of complexation has been described as crucial for the recognition of ligands by favoring the local fluctuations or changes in loop structure that contribute to the incoming of the ligand [@pone.0114610-Peters1]--[@pone.0114610-Hornak1]. More specifically, for the protein FKBP12, previous studies have demonstrated (i) the distortion of the 80s loop structure around Gly89 and (ii) the importance of this loop for the recognition of the ligands [@pone.0114610-Burkhard1], [@pone.0114610-Rosen1]. Moreover, by comparing FKBP12 in its bound and unbound conformations, Ivery and Weiler have deduced that the 80s loop must undergo a movement during the complexation with the ligand FK506 [@pone.0114610-Ivery1]. The same conclusion was drawn by Wilson et al. after comparing the X-ray structures of unbound, FK506-, and rapamycin-bound forms of FKBP12 [@pone.0114610-Wilson1]. In line with these results, in this intermediate state IS308, as in our previous study on IS8, we found consistent results showing that the 80s loop is distorted mainly in the tip region.
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###### RMSDs (Å) of the C*^α^* atoms from the respective X-ray structural positions.

![](pone.0114610.t001){#pone-0114610-t001-1}

           nonloop[a](#nt102){ref-type="table-fn"} (A1)   80 s loop (A2)   Tyr82-Gly83 (A2)   Ala84-Pro93 (A2)   His94-Ala95 (A2)
  ------- ---------------------------------------------- ---------------- ------------------ ------------------ ------------------
  CS308                    1.76 ± 0.12                     2.15 ± 0.29        1.12 0.33          2.45 0.19          0.95 0.17
  IS308                     1.11 0.05                       4.01 0.28         1.34 0.18          4.57 0.25          1.73 0.16

For all the RMSD calculations, the alignments A1 and A2 were based upon the protein C*^α^* atoms (the group of atoms G for A2 corresponds to the 80 s loop or to its three sub-regions 82--83, 84--93, and 94--95; see text for the definition of A1 and A2). For comparison, their counterparts calculated for the complexed state CS308 are also given.

All C*~α~* atoms but those of segment 82--95.

Position of the ligand in the binding site of FKBP12 {#s3b}
----------------------------------------------------

The position of the ligand was analyzed in terms of the distances, , between the center of mass of the protein binding pocket and each of the four centers of mass of the four ligand moieties (core, *i*Bu, Tol, and Ethe); we checked that they remained constant during the course of each simulation as well as consistent among the set of simulations. To measure the deviations from the X-ray structure, RMSD calculations for the heavy atoms of each ligand moiety were also performed with the alignment A1. The average values of and RMSD obtained for IS308 and CS308 are given in [table 2](#pone-0114610-t002){ref-type="table"}. In the individual simulations of IS308, the values of and RMSD calculated for the core moiety reveal a stable position of the ligand core since the fluctuations of these two quantities remain in the range 0.3--0.5 Å for the core (not shown in table). Moreover, the low standard deviations of these quantities ( 0.2 Å) in the [table 2](#pone-0114610-t002){ref-type="table"} indicate that the positions of the ligand with respect to the protein are not spread sparsely but rather form a tight cluster. The standard deviations of and RMSD for the non-core moieties are lower than 0.4 Å, also indicating overall consistent values throughout all the simulations. For IS308, the analysis of the average values of RMSD of the four ligand moieties reveals that the moieties that are closest and farthest from their respective native positions are Ethe and Tol, respectively (for IS8, the same conclusion was drawn for the two counterparts Ph1 and *i*Pe in **8**). In particular, the Tol moiety in **308** and its counterpart *i*Pe in **8** both interact with the mobile side chain of His87, which is at the entrance of the binding pocket, to form many transient contacts (*vide infra*). Another similarity between these intermediates concerns the oxygen atoms O4 in IS308 and O3 in IS8 that both points to the small side cavity defined by the residues 82, 87, 90, and 91 of the distorted 80s loop ([Fig. 4](#pone-0114610-g004){ref-type="fig"}).

10.1371/journal.pone.0114610.t002

###### Average distances (Å) between the center of mass of the core and that of the binding pocket (), and RMSDs (of the heavy atoms only, in Å) of the ligand and of its four moieties from the respective X-ray structural positions.

![](pone.0114610.t002){#pone-0114610-t002-2}

             d       RMSD                             
  -------- ------ ----------- ----------- ----------- -----------
  ligand    3.24   3.15 0.12   7.47 0.17   1.42 0.21   6.62 0.24
  Ethe      6.07   6.09 0.09   8.71 0.31   1.18 0.12   4.57 0.32
  *i*Bu     5.16   5.79 0.23   9.28 0.19   2.38 0.38   7.61 0.28
  core      1.34   1.24 0.10   5.15 0.14   0.51 0.04   5.96 0.17
  Tol       4.50   4.80 0.06   8.88 0.27   1.53 0.42   8.30 0.38

For all the RMSD calculations, the alignment was based upon all the protein C*~α~* atoms. Exp. corresponds to the X-ray structure.

In the next section, we will analyze the permanent and transient interactions that can account for the reported stability of the ligand in IS308.

Analysis of the interactions in IS308 {#s3c}
-------------------------------------

For purposes of comparison, the contacts between the ligand and FKBP12 were analyzed by using the same criteria as in our previous work [@pone.0114610-Olivieri1]. In particular, we restricted the numbers of contact distances to the atom pairs separated by less than 4 Å in more than half of, at least, one simulation. In [S6 Table](#pone.0114610.s007){ref-type="supplementary-material"}, the time average and ensemble average values are reported for 71 contact distances that satisfied these criteria. Among all these distances, only seven contacts correspond to persistent interactions that are observed in all the frames and with standard deviations lower than 0.25 Å; these permanent contacts can be classified into five groups: Glu54-O{C15, C16}, Val55-{C, C*^α^*}O1, Ile56-NO1, Tyr82-O^*η*^···C2, and Ile90-C^δ^···O5. Among these permanent contacts that involve the atoms O1 and O5, it is noteworthy that they all have their counterparts in the intermediate IS8: Ile56-N/Val55-{C, C*^α^*}O1 equivalent to those formed by the atom O2 in IS8; Ile90-C^*δ*^···O5 equivalent to Ile90-C^*γ*2^···O3 in IS8 [@pone.0114610-Olivieri1]. Thus, these results indicate that the permanent contacts in IS8 and in IS308 are similar, despite the dissimilar structures of these ligands. Moreover, in these two intermediates, the two oxygen atoms O2 and O3 in **8** or O1 and O5 in **308** act as two anchoring points for the ligand at the entrance of the binding pocket, restraining overall translational and rotational mobilities; this allows the peripheral moieties to fine-tune their interactions with the protein in this binding step. This result, along with the preceding RMSD and distance analysis, indicates that the overall orientation of these ligands is similar in these intermediate states. We shall see other similar features between these two intermediates.

In IS308, it must be emphasized that none of the hydrogen bonds Ile56-N--HO1 and Tyr82-O^*η*^--HO2 are formed. For these two bonds, the average distances between O1 and O2 and the hydrogen atom are 2.78 0.34 Å and 2.52 1.13 Å, and the average hydrogen bond angles are 123 12° and 140 40°, respectively. Hence, Ile56-NO1 should be viewed as a permanent van der Waals contact and Tyr82-O^*η*^···O2 as a transient van der Waals contact. This result is also similar in IS8: **8**-O2 makes a van der Waals contact with Ile56 and **8**-O3 a transient contact with Tyr82 [@pone.0114610-Olivieri1]. Since the two hydrogen bonds are not yet formed in IS8 or IS308 with the residues Ile56 and Tyr82, their formation would thus represent a major enthalpic driving force in going from the intermediate state to the complexed state.

The RMSFs of the atoms of the protein residues that are involved in most of the contacts with the ligand were calculated for IS308, for CS308, and for the unbound protein ([Fig. 5](#pone-0114610-g005){ref-type="fig"}). Those of the ligand in IS308, CS308, and the free state were also calculated and are reported in the inset of [Fig. 5](#pone-0114610-g005){ref-type="fig"}. The comparison of the RMSFs of the ligand between the three states indicates that the largest differences are 0.5 Å, calculated for the extremities C23 and C32 between the free state and IS308. The RMSFs of the peripheral moieties *i*Bu, Tol, and Ethe in IS308 are slightly lower than in CS308; these small differences () should be ascribed to the numerous transient intra- and intermolecular contacts monitored for these moieties in IS308, as seen below, and that moderately decrease their mobility.

![RMSFs derived for the binding intermediate.\
RMSFs calculated for the main residues 53--56, 82, 87, and 90 that are in contact with the ligand in IS308; the corresponding values for the bound state (CS308) are also reported for comparison. The RMSFs for the ligand atoms in IS308 and the bound state are shown in the inset. For purposes of comparison, the RMSFs of these seven residues in the free protein and those of the free ligand (inset) were also calculated by averaging over four 2-ns and eight 250-ps SBD simulations, respectively.](pone.0114610.g005){#pone-0114610-g005}

In order to quantify all the transient interactions between protein and ligand groups of atoms, we determined, by using a 4-Å cutoff, the contacts between each pair of interacting groups of atoms that consists of a ligand moiety and a residue. The average total counts are shown as a contact map in [Fig. 6a](#pone-0114610-g006){ref-type="fig"}. From these average total counts, the number of transient interactions formed between a ligand moiety and a residue of FKBP12 can then be obtained by subtracting the related permanent interactions (if any and as defined in the beginning of this subsection). A schematic representation of the main interactions are also given in [Fig. 6b](#pone-0114610-g006){ref-type="fig"} where the seven permanent interactions, mainly of type CHO, with the residues 54, 55, 56, 82, and 90 are reported. We can thus see that all the ligand moieties are involved in numerous transient contacts; however, since their lifetime is, on average, on the order of tens of picoseconds, this results in average interatomic distances that are, most often, above 4 Å and in standard deviations above 0.5 Å ([S6 Table](#pone.0114610.s007){ref-type="supplementary-material"}).

![Analysis of the intermolecular contacts in the binding intermediate.\
(a) Average number of contacts between each pair of interacting groups of atoms that consists of a ligand moiety and a protein residue (color scheme on the right), and average number of water molecules in contact with both a ligand moiety and a protein residue (diamond, triangle, and circle on the left are for a number of bridging water molecules in the intervals\]0.5; 1\],\]1; 1.5\], and\]1.5; 2\], respectively). The core region of the ligand is further subdivided into the central C2SN7 ring and the S8O4O5 and C15N1C1O1 groups of atoms. All types of contacts (cutoff of 4 Å) were first obtained for each SBD simulation; the average over the 17 independent simulations was then derived. (b) Schematic representation of the main protein-ligand contacts. The number of permanent and transient contacts are circled in solid and dashed lines, respectively; the type of non-covalent interaction is indicated in each case. The transient contacts with an average count ≤ 1 are not shown; the following are with an average of one: , , , , and . The ligand intramolecular contact is shown as a dashed blue line. Positions and distances for all moieties are not realistically represented.](pone.0114610.g006){#pone-0114610-g006}

Besides the permanent contacts that the atoms O1 and O5 of the core moiety make, these two atoms also participate in transient contacts: O1 makes one transient CHO contact with each of the residue Val55, Ile56, and Tyr82 (for clarity, only the numbers of transient contacts that are above one are reported in [Fig. 6b](#pone-0114610-g006){ref-type="fig"}; see also the legend of this figure); O5 makes three transient contacts with His87 (seen in [Fig. 6b](#pone-0114610-g006){ref-type="fig"} as three CHO contacts between His87 and the SO~2~ group). It is also noteworthy in [Fig. 6a](#pone-0114610-g006){ref-type="fig"} that Ethe and Tol participate in several transient contacts. In [Fig. 6b](#pone-0114610-g006){ref-type="fig"}, one can see that Tol makes 12 contacts with Tyr82 and His87 while, despite its small size, Ethe makes 10 contacts of various types with Gln53, Val55, Ile56, and Tyr82. The transient nature of these contacts results from the flexibility of these peripheral moieties. The flexibility is brought by the dihedral rotations and by the rotational oscillations that are associated with an energy change that is lower than 1 kcal/mol around each of the bonds N7-S8 and S8-C17 for Tol, and O3-C31 for Ethe, as can be seen from the CHARMM force field parameters derived for this ligand [@pone.0114610-Olivieri2]. The amplitude of rotation around these bonds is ∼90°, ∼75°, and ∼200°, respectively [@pone.0114610-Olivieri2]. In Ethe, the very mobile atom C32 interacts with the backbone atoms of the residues 53 through 56 and also with the side chains of Gln53 and Ile56 (1.7 0.6, 0.9 0.5, 2.1 1.0, and 1.7 0.7 contacts between C32 and these four residues, respectively). Although less mobile than C32, the atom O2 of the Ethe moiety makes several transient contacts with Tyr82. As can be seen in [Fig. 7](#pone-0114610-g007){ref-type="fig"}, Tol is surrounded by three groups of atoms and forms numerous transient contacts with the side chains of Tyr82 and His87 as well as intramolecular contacts with *i*Bu (3.9 1.9, 7.9 2.9, and 2.1 0.5 contacts, respectively). In [Fig. 6a](#pone-0114610-g006){ref-type="fig"}, one can see that Tol makes almost all its contacts with Tyr82 and His87 and only very few contacts with Thr85 and Gly86. The large mobility of the side chain of His87, as can be inferred from the corresponding large RMSFs in [Fig. 5](#pone-0114610-g005){ref-type="fig"}, is instrumental in favoring transient contacts. For the -- interactions between Tol and the side chains of Tyr82 and His87, we can hypothesize that the methyl group of the atom C23 ([Fig. 1a](#pone-0114610-g001){ref-type="fig"}) is responsible for an electronic enrichment on both sides of the Tol ring, resulting in an enhanced -- interactions with the rings of Tyr82 and His87. It should also be the case for any other donor group around this Tol ring in a ligand analogue.

![Ligand 308 in the pocket of the binding intermediate.\
Snapshot showing the Tol moiety surrounded by the atom C25 (or C26 after dihedral rotation) of the ligand as well as by the side chains of His87 and Tyr82, forming numerous transient contacts (the carbon atoms of the ligand are in salmon).](pone.0114610.g007){#pone-0114610-g007}

In the intermediate IS308, we found that Tyr82 of FKBP12 makes the highest number of intermolecular contacts (12.9 vs. 11.3 for His87). As can be seen in [Fig. 6b](#pone-0114610-g006){ref-type="fig"}, the residue Tyr82 makes four contacts with each of the groups of atoms Tol, C2SN7/C1O1N1, and Ethe while His87 makes eight contacts with Tol and three with the SO~2~ group. Hence, the contacts of Tyr82 are largely spread over the various groups of atoms of the ligand (except for the remote *i*Bu that makes only 0.2 contact with Tyr82; [Fig. 6a](#pone-0114610-g006){ref-type="fig"}), and are of various types, involving either its cycle (through -- or CH interactions) or its hydroxyl group (CHO or OHO; [Fig. 6b](#pone-0114610-g006){ref-type="fig"}). In particular, the side chain of Tyr82 makes -- interactions with the Tol moiety. A similar result between Tyr82 and the Ph1 moiety of the ligand **8** was found in our previous study where we have also emphasized the importance of this interaction in the recognition process [@pone.0114610-Olivieri1]. Our intermediates IS8 and IS308 exemplify the versatile role of Tyr82 in the recognition process of the FKBP12 binding partners: this protein residue can not only form various types of contact, but it can also form -- contacts with aromatic rings that are not equivalent in terms of relative positions in the two ligands. Indeed, Tol in **308** is the counterpart of *i*Pe in **8** (not Ph1) when one compares the two ligand positions in the bound states [@pone.0114610-Holt1], [@pone.0114610-Sun1] ([Fig. 1](#pone-0114610-g001){ref-type="fig"}). Our results are thus consistent with the general observations that the residue Tyr is the most effective for mediating molecular recognition [@pone.0114610-Koide1].

Another interesting aspect of IS308 is the above-mentioned intramolecular interactions between the interchangeable atoms C25/C26 of *i*Bu and all the atoms of the Tol cycle. In IS308, but also in the free state, two of these intramolecular contacts are formed (2.08 0.52 and 1.88 0.23 contacts, respectively) whereas few of them are monitored in CS308 (0.44 0.57). In CS308, the *i*Bu moiety prefers the interaction with the side chains of the residues Phe46, Glu54, Val55, and His87. The situation is also similar in IS8 since intramolecular contacts can be found between the methyl carbon C13 and the Ph2 moiety. Another similarity thus emerges between the two ligands **308** and **8**: in each case and both in the free state and in the intermediate, two peripheral moieties of the ligand interact with each other, namely, a methyl group makes many interchangeable contacts with the equivalent CH groups of an aromatic ring (C25/C26Tol or C13Ph2). Hence, in IS308 the ligand retains its intramolecular contacts as in its free state (dashed blue line in [Fig. 6a](#pone-0114610-g006){ref-type="fig"}) while the moieties Tol and *i*Bu are also interacting with the protein side chains ([Figs. 6a and 6b](#pone-0114610-g006){ref-type="fig"}), contributing to an enthalpic gain.

Finally, it should be mentioned that the central ring C2SN7 only barely interacts with the protein in IS308 and makes about only one third of the contacts it makes in the complexed state (5.3 contacts that are spread over eight residues in comparison with 15.6 contacts in CS308). In [Fig. 6a](#pone-0114610-g006){ref-type="fig"}, the contacts made by the ring C2SN7 with six protein residues can be seen on the map with the corresponding numbers of contacts that are below 1.5; the contacts with the two other residues Glu54 and Ile56 can not be seen on the map since the number is about 0.1. In contrast, in CS308 only four residues (Tyr26, Phe46, Trp59, and Tyr82) are responsible for 14 of the 15.6 contacts made by the ring C2SN7.

Discussion {#s4}
==========

We characterized an intermediate state along the binding pathway of ligand **308** to FKBP12. The set of molecular dynamics simulations indicate consistent results for all the structural characteristics such as the structure of the protein, the position of the ligand or the type of intermolecular contacts. The stability of the ligand at the entrance of the binding pocket is due to the numerous transient contacts as well as to a few permanent contacts. The transient nature of the majority of the contacts formed could help to avoid a trapped intermediate state along the complexation pathway.

The mobility due to torsions or to rotational oscillations of the peripheral moieties, along with their peculiar geometry (symmetry of the aromatic ring of Tol, three-fold symmetry of the methyl carbon C32, and equivalence between the C25 and C26 methyl groups of *i*Bu), favors transient contacts between interchangeable atoms of the ligand and some protein residues. Recently, the importance of this type of transient contacts was shown in a study on the contributions in the configurational entropy of the side chains of residues during the formation of the complex PKA/AKAP [@pone.0114610-Chang1]. The authors have found that the affinity between both proteins increases with the number of transient contacts formed between equivalent atoms of the hydrophobic side chains of both proteins. The authors showed that this number of equivalent transient contacts (also called alternative in their study) increases with the configurational entropy. Although their conclusions were drawn from the analysis of one native protein-protein complex, it is likely that, also in the case of IS8 and IS308, the significant number of transient contacts could help the ligand to retain at least a part of the configurational entropy it has in the free state while the nascent interactions would contribute to an enthalpic gain. This assertion is further supported by the fluctuations of the ligand calculated in the intermediates and that are similar to those in the free state ([Fig. 5](#pone-0114610-g005){ref-type="fig"}).

Another important feature of the intermediate states IS308 and IS8 is the distortion of the 80s loop. In the respective complexed state, the ligand **308** or **8** is deeply buried in the binding site of FKBP12: the cycle C2SN7 or C2N7 is buried in the main pocket while the Tol moiety of **308** or the methyl group of the atom **8**-C13 is buried in the small side-cavity formed by the four bulkiest side chains of the 80s loop (residues Tyr82, His87, Ile90, and Ile91). On the basis of these observations, a binding mechanism between the ligand **308** or **8** and a rigid protein FKBP12 that would occur without any binding intermediate would be prevented by a large steric hindrance for the entrance into the binding pocket. The results gathered from the docking of the ligand FK506 to a rigid protein FKBP12 [@pone.0114610-Zacharias1] are consistent with the above analysis; it is worth considering the results of such a study since FK506 and the ligands **308**/**8** share an analogous binding mode with nearly superimposable binding regions. In this rigid docking study, the author failed to identify a geometry close to the experimentally reported structure of FKBP12-FK506 because of unfavorable steric overlaps. Interestingly, this author has found that the relaxation of the protein in the 80s loop region helps to accommodate the ligand in the binding pocket. Hence, during the binding process of FK506 or related ligands such as **308** or **8**, a displacement of the 80s loop would facilitate the binding to FKBP12. This hypothesis is further supported by a comparison between solution structures of unliganded FKBP12 and a crystal structure of FKBP12-FK506 [@pone.0114610-Ivery1], [@pone.0114610-Wilson1]. In this study, Ivery and Weiler have concluded that, during the binding, the loop should move as a unit and, in particular, the residues His87 and Ile90 should undergo a large positional shift. The above hypothesis is also supported by results gathered on the unliganded form of FKBP12: the 80s loop has been shown to be very mobile, especially in the 82--90 region [@pone.0114610-Michnick1]. NMR data also indicate that this loop is sampling several configurations [@pone.0114610-Rosen2]. Taken together, the above observations thus strongly suggest that, during the binding, the 80s loop is actually undergoing conformational transitions to facilitate the entrance of the ligand by reducing the steric hindrance, as observed in our binding intermediate model. The reduction of the steric hindrance corresponds to a decreased entropic penalty for the overall energy barrier of complexation because of the fewer structural constraints for the ligand in this case than in a hypothetical one-step mechanism in which both the core and the Tol or *i*Pe moiety of the ligand have to fit simultaneously into the main pocket and the small side-cavity, respectively.

The formation and the stability of the binding intermediates IS308 and IS8 result from the three following contributions: (i) an entropic penalty due to the steric hindrance with the 80s loop that is reduced owing to its displacement, (ii) an enthalpic gain due to the numerous transient and few permanent interactions in the intermediate, and (iii) the above-discussed configurational entropy that increases with the number of transient contacts and that is hypothesized to be large since most of the numerous contacts made in IS are transient. Since these three energetic considerations contribute to increasing the stability of the intermediate, as a corollary, the dissociation rate constant of this intermediate should be decreased, resulting in an increase of the affinity constant ([equations 5](#pone.0114610.e012){ref-type="disp-formula"} and [2](#pone.0114610.e009){ref-type="disp-formula"}). Hence, the analysis of our binding intermediate throws light on the binding properties of the high-affinity ligand **308**.

A relationship between the characteristics of the binding intermediate and their incidence on the association rate constant of the intermediate is more difficult to predict. However, if the intermediate state IS is close in energy and structure to the transition state TS found between IS and the complexed state CS, then a direct incidence can be expected. Indeed, the latter condition ensures that the following reasoning made on TS is transferable to IS. Under this condition, two major forces could drive TS, and thus IS also, to CS. The first force has an entropic nature and is the desolvation, between TS and CS, of the hydrophobic cycle C2N7 in **8** or C2SN7 in **308** that is still solvated in IS/TS and that only barely interacts with the protein ([Fig. 6](#pone-0114610-g006){ref-type="fig"} and ref. [@pone.0114610-Olivieri1]); in CS, however, this cycle is deeply buried in the main pocket. The second force has an enthalpic nature and corresponds to the formation of the two hydrogen bonds between TS and CS and that are only nascent in IS/TS (hydrogen bonds formed by O1 and O2 in **308** and by O2 and O3 in **8**). Hence, if the above condition is satisfied, our model of IS would come closest to explaining both the two recurrent oxygen atoms and the prevalence of hydrophobic counterparts in various FKBP12 ligands as substituents for C2SN7, as these structural features are linked to hydrogen bond formation and desolvation that can drive the intermediate to the final complex. Under the above-defined condition, these forces would therefore increase and, thus, the constant . Our model may therefore also explain why various substituents are found for C2SN7 (five- or six-membered ring or open alkyl forms), since hydrophobicity seems to be the only common features of this part of the ligand.

From the analysis of our intermediate model, we are able to provide clues regarding the nature of the substituents 1 to 4, as depicted in [Fig. 8](#pone-0114610-g008){ref-type="fig"}, that are determining for high binding properties. The group labelled 1 should be a hydrophobic group for the desolvation between IS and CS (under the above-defined condition only). A ring is not a prerequisite since binding to an isoform of FKBP occurs with an alkyl chain linked only to C*^α^* (presumably to FKBP52 whose N-terminal FK506 binding domain is very similar in sequence and structure to FKBP12 [@pone.0114610-Zhao1], [@pone.0114610-Davies1]). However, the benefit of having a five- or six-membered ring for the group 1 is to constrain in space the position of the two vicinal carbonyl whose oxygen atoms act as anchors in the binding process. The group 2 in [Fig. 8](#pone-0114610-g008){ref-type="fig"} should be mobile to ensure transient contacts with His87 and Tyr82, and an axial symmetry for this group, as in phenyl or *t*-butyl groups (or pseudo-symmetry as for *i*Pe in ligand **8**), allows the transient contacts to be interchangeable (note that the constants that have been measured for a series of ligands with *t*-butyl as group 2 are systematically lower than those measured with the *i*Pe group as substituent [@pone.0114610-Hamilton1]). In their work, Zhao *et al.* have also found that *t*-butyl as group 2 exhibited better binding ability to the FKBP isoform than a methyl-butyl group [@pone.0114610-Zhao1]. The group 3 should be bulky (to allow intramolecular contacts with the group 2) and symmetric (for interchangeable contacts with the group 2 or with the protein residues), as in the ligands **8** and **308** where all the contacts formed are equivalent owing to the rotation of the phenyl or *i*Bu groups, respectively [@pone.0114610-Olivieri1]. The structure of the group 4 in [Fig. 8](#pone-0114610-g008){ref-type="fig"} interacts with Tyr82 in the intermediate, either with the Tyr cycle (-- or CH ) or with its hydroxyl group (OHO). Indeed, most of the known high-affinity ligands of FKBP12 have an aromatic ring (phenyl, pyridyl or trimethoxyphenyl ring) linked by an ethyl 'arm' to the atom C*^b^* ([Fig. 8](#pone-0114610-g008){ref-type="fig"}).

![Structure of a typical high-affinity ligand of FKBP12 with the peripheral groups of atoms labelled 2 to 4.\
The central group of atoms 1 is often a five- or six-membered ring; however, open alkyl forms for this central group can also be found [@pone.0114610-Zhao1].](pone.0114610.g008){#pone-0114610-g008}

Hence, the analysis of our intermediates provide a rationale for explaining the diversity of the core and non-core structures found in various high-affinity ligands of FKBP12.

Conclusion {#s5}
==========

We characterized a binding intermediate state IS308 between the protein FKBP12 and a high-affinity ligand **308**. An interesting aspect of IS308 concerns the 80 s loop of the protein that is distorted, mainly in its tip region. This distortion leads to the exposure of the side-cavity formed by the four bulkiest side chains of this loop to the incoming ligand, thereby facilitating the accessibility to the bound state. The ligand has a stable and consistent position throughout all of the simulations and is found at a distance of the protein that allows only seven permanent interactions to be formed (among 71 contacts), mainly by the atoms of the ligand core. Besides, our analysis of the binding intermediate in terms of contacts throws some light on the role played by the peripheral moieties in this binding step: Ethe and Tol are major transient contacts makers. The transient nature of these interactions seems crucial for the affinity of binding since it has been shown, in the context of the protein-protein interactions, that their quantity determines the affinity [@pone.0114610-Chang1]. The dynamic aspect of the interactions formed by the peripheral moieties also helps to avoid a trapped state along the binding pathway and offers the possibility of fine-tuning the specificity of recognition.

As the peripheral groups are mainly involved in transient interactions, we found that O1 and O5 are of particular importance for the stability of the ligand in IS308 since they act as two anchors, forming permanent contacts with Ile56 and Ile90. Interestingly, the same result was found in the case of the dissimilar ligand **8** [@pone.0114610-Olivieri1]. Thus, by stabilizing the intermediate state IS308 (or IS8), the transient and anchoring interactions contribute to decreasing its dissociation rate , and thus to increasing the affinity constant . For the core and non-core moieties of high-affinity ligands of FKBP12, these results can thus explain the prevalence of (i) the two oxygen atoms found in carbonyl or sulfonyl groups of dissimilar core structures, and of (ii) symmetric or pseudo-symmetric mobile groups of atoms found as non-core moieties.
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